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Abstract

\'V ater distribution network, one of the most important and most sensitive urban infrastructures, has

recently been observed with regard to population growth and consumers' needs to increase with
challenges such as reducing the pressure and discharge that are due to unsuitable design and are based on
economic goals. In order to overcome these problems the reliability of the network should always be
considered when designing an urban water distribution system. In this research, to optimize the water
distribution networks, two main objectives of cost minimization and maximization of network reliability
were considered. To calculate network reliability, the Tondini's Resilience Index and its hydraulic
simulation EPANET 2.0 model were used. Then, using the second edition of the evolutionary algorithm
based on the strength of the Pareto (SPEA2) and creating a dynamic connection with the EPANET 2.0
hydraulic model in the MATLAB software environment, the multi-objectives of the four water
distribution networks including Two-Loop, Kadu, Hanoi networks and D zone of Mashhad were
optimized. Simultaneous optimization of two main objectives including cost minimization and
maximization of the Tondini's Resilience Index led to the production of optimal solutions in the form of
the Pareto front. An optimal solution, called Point C, was introduced using Young's bargaining method
from the final Pareto front in each of the networks. Selected C solution in two-loop, Hanoi and Kadu
networks increased 22.91, 17.13 and 7.41 percent of the network average pressure compared to its lowest
cost in this study (point A). Also, the selected C solution in D-zone network of Mashhad, with an increase
of 4.23 percent of the network average pressure compared to the initial design of the consulting company
(point D), illustrates that the solution designed by the consulting company would be the dominate solution
under the final Pareto front of this study. In this research, the Tondini's Resilience Index shows that,
based on increasing nodal pressure, it has the ability to increase the reliability of the network, which
causes critical condition of the network or failure of the pipes, with high reliability, providing adequate
pressure and discharge in other nodes. Also, the satisfactory performance of the SPEA2 multi-objective
algorithm in providing the optimal Pareto front for the issues indicated showed that the design pattern
developed in this study could provide an optimal set of solutions to the employer to select the points in
which the two factors of cost and reliability are combined in a favorable situation.

Keywords: Reliability of the Network, Pareto Front, Water Distribution Systems, Multi-objective
Optimization.
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Fig. 1. Overall flowchart of improving the Strength Pareto Evolutionary Algorithm (SPEA2)
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Table 1. Node details of two-loop network

1
Node number 2 3 5 6 7 (Reservoir)
Elevation (m) 150 160 150 165 160 210

Discharge (m’/h) 100 100 270 330 200 1120

gl 5o S5 (gl Sl B gbad a5 50510l =Y o

Table 2. Available pipe sizes and their unit costs for two-loop network

Pipenumber 1 2 3 4 S 6

8§ 9 10 11 12 13 14

Diameter (inch) 1 2 3 4 6 8

Cost($/m) 2 5 8 11

16 23 32 50 60 90 130

10 12 14 16 18 20 22 24

170 300 550
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Fig. 3. Pareto front of two-loop network optimization
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Table 3. Pipe diameter for A, B and C solutions

Pipe number 1 2 3 4 5 6 7 8 Cost ($)
Solution A 18 10 16 4 16 10 10 1 419,000
Solution B 18 24 24 24 24 24 24 24 3,980,000
Solution C 18 20 20 14 18 18 20 18 1,090,000
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Table 4. Nodal pressures and Todini’s resilience index for A, B and C solutions

Todini’s Resilience

Pipe number 2 3 4 5 6 7 Index
Solution A 53.25 30.46 43.45 33.81 30.44 30.55 0.2103
Solution B 53.25 42.93 47.78 52.74 37.64 42.64 0.9036
Solution C 53.25 42.41 47.19 51.88 36.55 41.55 0.7997
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Fig. 5. Pareto front of Hanoi network optimization
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Table 5. Node and link details of Hanoi network

Pipe number 1 2 3 4 5 6 7 § 9 10 11 12 13 14 15 16 17

Pipe length 100 1350 900 1150 1450 450 850 850 800 950 1200 3500 800 500 550 2730 1750

Pipe number 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

Pipe length 800 400 2200 1500 500 2650 1230 1300 850 300 850 1500 2000 1600 150 860 950

Node number 1 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15 16 17

Discharge (m’/h) -19940 890 850 130 725 1005 1350 550 525 525 500 560 940 615 280 310 865

Node number 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Discharge

(m’/h) 60 1275 930 485 1045 820 170 900 370 290 360 360 105 805

Sl b 6l obsl LB slad Jansa g s5lil -7 Jgu

Table 6. Available pipe sizes and their unit costs for Hanoi network

Pipe number 1 2 3 4 5 6
Diameter (inch) 12 16 20 24 30 40

Cost ($/m) 45726 70.400 98378 129.333  180.748  278.280

(C i) s s S b (555 Sl sl oo o) L3 -V s

Table 7. Pipe diameter of Hanoi network for C solutions

Pipe
number
Dgfclflt)er 40 40 40 40 40 40 40 40 30 40 40 24 16 12 12 24 24
Pipe
number

Dé?rﬁﬁtfr 24 30 40 20 20 40 40 40 20 20 24 20 20 12 16 16 40

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

(C «Ejj)‘533\.»@f\}égjgj\oﬁg\:&d\Md\ﬁuaﬁjw—/\deq

Table 8. Nodal pressure of Hanoi network for C solutions

Node 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
number
Pressure (m) 97.21 62.55 58.56 53.63 48.51 4735 46.04 45.04 42.16 41.78 41.51 37.39 39.5 39.57 42.26
Node 17 18 19 20 21 22 23 24 25 2 27 28 29 30 31 32
number

Pressure (m) 45.41 52.23 61.01 52.19 43.06 42.64 46.62 45.47 44.77 42.16 42.15 44.18 42.99 42.8 42.97 44.61
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Fig. 6. Kadu water distribution network
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Table 9. Node and link details of Kadu network

YA

Pipe number 1 2 3 4 5 6 7 8 9
Pipe length 300 820 940 730 1620 600 800 1400 1175
Pipe number 10 11 12 13 14 15 16 17 18
Pipe length 750 210 700 310 500 1960 900 850 650
Pipe number 19 20 21 22 23 24 25 26 27
Pipe length 760 1100 660 1170 980 670 1080 850 900
Pipe number 28 29 30 31 32 33 34
Pipe length 650 1540 730 1170 1650 1320 3250
Journal of Water and Wastewater ML 5 of dxe
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Cont. table 9. Node and link details of Kadu network

Node number 1 2 3 4 5 6 7

Discharge (L/s) - - 306.54 74.97 108.29 69.97 51.64

Node number 8 9 10 11 12 13 14

Discharge (L/s) 103.3 141.61 191.6 136.61 226.57 246.5 176.6

Node number 15 16 17 18 19 20 21

Discharge (L/s) 175 150 113.3 56.64 76.63 176.6 209.9

Node number 22 23 24 25 26

Discharge (L/s) 90 33.32 75 58.31 36.65

5518 S gl sl B sladf 5o o3l -\ o S
Table 10. Available pipe sizes and their unit costs for Kadu network
Pipe 4, » 3 4 5 6 7 8 9 10 11 12 13 14
number
Diameter
(mm) 150 200 250 300 350 400 450 500 600 700 750 800 900 1000
Cost
o8 1115 1600 2154 2780 3475 4255 5172 6092 8189 10670 11874 13261 16151 19395
(Rupees/m)
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Fig. 7. Pareto front of Kadu network optimization
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Table 11. Pipe diameter of Kadu network for C solutions

v.

Pipe number 1 2 3 4 5 6 7

9 10 11 12 13 14 15 16 17

Di(?;nger 1000 1000 600 600 200 300 900 450 900 1000 1000 750 800 600 350 500 500
Pipenumber 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Di(?;nger 300 600 150 800 150 200 600 750 600 150 400 250 600 350 200 200 150

(C ahis) 328 Kt b (55, 3l oud sl abais gl Lo S 5Les =V Yy
Table 12. Nodal pressure of Kadu network for C solutions

Node number 3 4 5 6 8 9 10 11 12 13 14

Allowable 8 8 85 8 8 8 8 8 8 8 8 82

pressure (m)

Computed 93.40 94.05 9534 94.12 93.93 9339 93.34 94.48

98.99 97.09 95.66 95.20
pressure (m)

Node number 15 16 17 18

20 21 22 23 24 25 26

Allowable
pressure (m)
Computed
pressure (m)

85 82 82 85

91.30 92.28 93.53 90.45

82 82 80 82 80 80 80

9134 9237 92.57 93.38 90.33 8932 91.65 90.99
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Fig. 8. D zone of Mashhad City water distribution network
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Table 13. Available pipe sizes and their unit costs for D zone network

Pipe number 1 2 3 4 5 6 7 8
Diameter (mm) 63 75 90 110 125 140 160 200
Rial/m (Cost) 23436 34720 49560 73360 94360 118160 154000 239680
Pipe number 9 10 11 12 13 14 15
Diameter (mm) 225 250 280 315 355 400 450
Rial/m (Cost) 305200 375200 470400 593600 753200 954800 1209600
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Fig. 9. Pareto front of D zone network optimization
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Table 14. Comparison of selected Pareto solution for D zone network

Solution title A B C D
Cost (Rials) 14,200,532,768 28,708,968,069 16,685,852,354 17,500,024,327
Todini’s resilience index 0.8544 0.9452 0.9240 0.9086
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Fig. 12. Comparison of nodal pressure for C and D solution D zone network
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